ABSTRACT The multi-channel air-assisted spraying can distribute air flow according to the crown diameter and be helpful to improve spray deposition and in the reduction of environmental pollution. However, the factors of air flow distribution are not clear. Computational fluid dynamics (CFD) simulation was used in this paper to investigate the influence of the fan speed (600-1800 rpm) and the distance from the air outlet (0-6.0 m) on the airflow field distribution. The measurements and the simulation results were consistent within the boundary of the test range. The results indicated that the airflow field in the central plane was basically axis-symmetric. The airflow field diffused in the central plane at a certain angle of diffusion. The air velocity first increased and then gradually decreased along the central line, and it displayed an exponential function. Within the range of 1.0 m from the air outlet, there was an obvious section of static air between the adjacent air outlets. Beyond this range, the airflow was well-distributed, and the air velocity was normally distributed at the height y. The airfield generated by the multi-channel sprayer was elliptical in its crosssection from the outlet (for x > 1.0 m). The distance of the air supply significantly influenced the fluctuation of the velocity of the airflow, while the speed of the fan had no significant influence on the position of the confluence point of the airflow and the fluctuation of the velocity of each test section. 
plate to adjust the air volume [16] [17] [18] , and using hydraulic stepless speed regulation [19] to change the speed of the fan are considered to be the effective ways to change the air flow field.
However, the crowns of fruit trees are irregular, in other words, volume and biomass for different crown diameters are also different; therefore, the amount of air and pesticides required for crowns with different diameters are also different. The above-mentioned study reflects that the airflow regulations between canopies were emphasized upon; nonetheless, little attention has been paid to a single canopy. Multi-channel air-assisted spray technology was utilized by some scholars, as it realizes independent adjustment of the airflow parameters of various channels [20] . Thus, the air velocity [21] and drift [22] of the vertical spray profiles can be observed and adjusted to meet the demands of crown with different diameters.
The multi-channel sprayer essentially consists of multiple air outlets that produce several jets. However, it is not the superposition of a single air jet. Although some researches have been carried out related to the jet characteristics of a single fan or an air outlet [23] [24] [25] [26] , relatively little is known about the airflow generated by multi channels, and even less is known about the law of velocity change after the coincidence of the airflow. At present, description of the distribution law of airflow field of multi-channel sprayer is still a challenging task. The airflow field regulation strategies of the multi-channel sprayer are beneficial. Based on these strategies, the air flow for different canopy regions can be adjusted accurately, not relying on experience.
Therefore, spatial distribution of air and variation rules of the multi-channel air-assisted sprayer were investigated in detail in this study. The primary objectives were as follows: (1) investigation of the effects of the fan speed and distance on the distribution of the airflow field; (2) obtaining a calculation method for the airflow field of the multi-channel sprayer, providing a fundamental basis for accurate adjustment of the airflow based on a single canopy.
II. MATERIALS AND METHODS

A. AIR SPRAYER
An air-assisted sprayer with multiple channels was used in this study, which mainly consisted of a spray system, an air-assisted system, and a power system (Fig. 1) . A mixed, uneven flow field was generated using four symmetrical channels on each side. The axial-flow fan was driven by a electromotor (power: 11kw, when n = 1450r m −1 ), and can be stepless speed regulation (0-2000r min −1 ). A curved dome was installed in outlet of the fan. Eight short arms (diameter: 100mm) were arranged along circumference in the curved dome and connected to air outlets (diameter:110 mm) with hoses. Air outlets were arranged symmetrically on both sides, spaced at 300 mm intervals. The height adjustment range of air outlet was between 800 and 2000 mm, in order to adapt to the low dense orchard. Each outlet has a wind valve, which is used to adjust the airflow speed (range: 0-40 m s −1 ), and the nozzle (type: cone nozzle; flowrate:1.2 L min −1 ) is placed outside the outlet.
B. EXPERIMENTAL MEASUREMENTS
The airflow distribution characteristics of the multi-channel sprayer were measured using the TSI 9565 hot wire anemometer (TSI Inc., Minnesota, USA) at six different fan speeds (600, 900, 1200, 1500, and 1800 r min −1 ). The layout of the measurement points is shown in Fig. 2 . The total test length was 6.0 m, with measurement points at 0, 0.5, 1.0, 2.0, 4.0, and 6.0 m on the cross section of the test points. The height of the test interval was 0.3 m (starting from 0.1 m above the ground), and the width was 0.3 m. Each data point was measured three times; and the mean value was taken as the wind speed of the measurement points, the on-site testing is shown in Fig. 3 .
C. FORMULATION OF THE MODEL
A CFD model was developed using the CFD package FLUENT (ANSYS, Inc., Canonsburg, Pennsylvania, USA). The simulation of the airflow was mainly based on the conservation of mass equation and conservation of momentum in the Navier-Stokes (N-S) equations was the basis of the airflow simulation for the multichannel sprayer.
1) GOVERNING EQUATIONS
The flow field was iterated using the k-e turbulence model, the material transport mode, and the standard wall function. The general control formulas are as follows [27] : = the generalized diffusion coefficient S = the generalized source item. Related manual should be consulted for other parameters.
2) GEOMETRY AND THE BOUNDARY CONDITIONS
Including the entire experimental hall volume, the machine and the geometry of the tractor in the simulation was computationally demanding. Therefore, a simplified free space domain with dimensions of 6.0 m × 3.0 m × 2.4 m was used (Fig. 4) . The four vents of the sprayer were defined as the inlets of the outflow field. Due to the different lengths of the air ducts, the air velocities from the outlets 1-4 differ from each other. The wind speed was set according to the preliminary experiment (Table 1) .
3) CONTROL VOLUME MESH AND THE SOLUTION PROCEDURE
ICEM CFD was used for generating the mesh model; the grid was divided into a tetrahedral and an unstructured grid with strong applicability, and the entry and exit grids were encrypted. At each time step for the transient simulation and after 498 iterations in a stable environment, the solution converged to a normalized root mean square (RMS) residual of a value below 10 −6 of all the equations.
III. RESULTS AND DISCUSSION
A. THE SHAPE OF THE AIR JET
The CFD simulation results showed the air velocity in a convex pattern for fan speeds of 600, 900, 1200, 1500, and 1800 r min −1 , respectively. Fig. 5 expressed central plane and the cross-section velocity field profile at 0, 0.5, 1.0 2.0, and 4.0 m away from the outlets at 1500 r min −1 . The results related to velocity distribution characteristics of the air flow field were accordingly to previous studies [28] , [29] . At a certain fan speed, the loss head alone in the pipeline is directly proportional to the length of the air duct. The air velocity of the outlets decreases with the increase in the length of the air duct [30] . Within the range of 1.0 m from the outlet, the distribution of the air flow field was not uniform, and there were obvious areas of static air between the adjacent outlets. The velocity of the air gradually increased along the central line. When the distance from the outlet was greater than 1.0 m, the air flow was uniformly mixed and diffused in the central plane at a certain angle of diffusion.
MATLAB was then used to simulate the air velocity at the central line for different fan speeds (Fig. 6) . The results indicated that the air velocity u m on the central line basically satisfied the following equation:
where u m = the air velocity at the center line (m s −1 ) n = the fan speed (r min −1 ) x = the distance from the air outlets (m).
The velocity distribution at the height y in the region where there was uniform mixing of the air (i.e. within a distance of more than 1.0 m from the air outlet) was basically Gaussian, which can be expressed by using the following semiempirical formula [31] , [32] :
where u m = the velocity of the air on the central axis (m s −1 ) u = the air velocity at different heights at the same distance from the air supply (m s −1 ) y = the distance from the central line (m) a = half of the thickness of the boundary of the air flow field (m).
By substituting Formula (3) into Formula (4), the velocity of the air flow at each point in the region of uniform air flow in the central plane (i.e. beyond the range of 1.0 m from the outlets) can be obtained, as shown in the following equation:
where u = the velocity of the air in the central plane (m s −1 ) n = the fan speed (r min −1 ) x = the distance from the air supply (m) y = the distance from the central line (m) a = half of the thickness of the boundary of the air flow field (m). Fig. 5(b) clearly represents that the four strands of airflow that were produced by the multi-channel sprayers begin to intersect at a distance of 0.5 m from the outlet. They are almost completely mixed before the 1.0 m line, and the mixed airflow field radiates out along the central line in an approximately oval shape. With the increase in the distance from the outlets, the distribution range of the airflow field becomes larger; changing from a multi-level small elliptical distribution to a small-level large elliptical distribution.
In order to clearly express the distribution in each section beyond the outlet (x ≥ 1.0m), the ellipse can be described as follows:
where a = the length of the semi-major axis b = the length of the semi-minor axis. The line formed by the center (X, Y) of the ellipse in each section was perpendicular to each section, and its coordinates were independent of the distance from the air supply. The semi-major axis 'a' and the semi-minor axis 'b' increased linearly with the increase of the distance from the air supply; the relationship for this is represented as follows: If the distance from the outlet is known (when x is greater than 1.0 m), the length of the semi-major axis and the semi-minor axis of the section can be obtained, and then the ellipse distribution rule of the section can be found. 
B. EFFECT OF THE FAN SPEED ON THE AIRFLOW FIELD
The effect of the fan speeds (600, 900, 1200, 1500, and 1800 r min −1 ) on the air flow velocity distribution at 0.5, 1.0, 2.0, and 4.0 m from the outlet are shown in the Figs. 7-10 .
From the simulation results it was clearly observed that outlet velocity increased with the increase in the fan speed and the airflow velocity after the mixing of the flows also increased. After the data were transformed by dimensionless theory [33] , the variation trends of the curves were found to be similar under the different fan speeds. When the distance between the vents was constant, the fluctuation of the air flow did not change. Whereas, the fan speed changed at a distance less than 0.5 m, the entrainment of the jets to the surrounding stationary fluid created a low-pressure zone between each jet stream, which resulted to two jets intersecting each other. There were four peaks in the air velocity curves, which appeared on the axis of the outlet. In the section at a distance of 0.5 m to 1.0 m, the air flow mixed violently, and there was an obvious fluctuation in the air flow and thus no obvious peak was observed. At the distance of 2.0 m, the airflows merged into a single peak. When the distance between the outlets was constant, the position of the confluence point of the air did not change when the fan speed changed: the air confluence point was about 1.0 m away from the outlet, as presented in Table 2 .
C. EFFECT OF THE DISTANCE FROM THE AIR SUPPLY ON THE AIRFLOW FIELD
In order to analyze the impact of the distance from the outlets, the velocity distribution results of seven sections at a distance of 0, 0.5, 1.0, 2.0, 4.0, and 6.0 m were obtained under the condition of a fan speed of 1500 r min −1 (Fig. 11 (a) ). At the center of the central axis (i.e., 1.45 m) the airflow velocity reached its maximum and gradually decreased as it moved to the upper and lower sides. With the increase of the distance of the airflow from the jets, the maximum airflow velocity decreased and the range of the airflow field increased. In the area less than 1 m from the outlet, the airflow distribution was not consistent with the above-mentioned results due to the incomplete cross-mixing of the four airflows. Moreover, there was a certain area where the multi-stream spray did not mix, thus the distance between the airflow outlet and the canopy should be considered.
The above-mentioned results concluded that the maximum air velocity of the sprayer at 1 m was 8 m s −1 when the fan speed was 1500 r min −1 , and the coverage height was in the range of 0.7-2.1 m. The air velocity in the middle section was large, and the upper and lower airflow forces were weak, and it matched with the thick middle crown layer and the thin upper crown layer of the spindle tree ( Fig. 11 (b) ). The multichannel sprayer has been proven to have a strong profiling ability, in particular, after adjusting the angle of the nozzles. Similarly, Reference [34] fond that the CFD model predicted that drift reducing nozzles reduced the drifting distance by 50%, but increased near-tree ground deposition.
D. COMPARISON OF THE SIMULATION RESULTS WITH THE EXPERIMENTAL RESULTS
The average relative error E was calculated by using the following equation:
where E = the average relative error v m = the measured velocity (m s −1 ) v s = the simulated velocity (m s −1 ). The accuracy of the simulation results was similar for the different fan speeds. Table 3 summarizes the comparison between the measured results and the simulation results when the fan speed was 1500 r min −1 . The boundary of the airflow field was set at the point where the wind speed was below 0.3 m s −1 , which was not recorded.
Data listed in Table 3 indicate that the simulated results in this condition were basically consistent with the experimental results. Of the 60 points, 27 points were located outside the boundary of the airflow field. The relative error caused by the minimal wind speed was not considered. Considering the relative error for the 33 points, the relative error of the results of the 24-point simulation was less than 30%, accounting for 72.7%.
The results revealed a linear correlation between the simulated values and the test values (Fig. 12) . The linear correlation equation of y = 1.068 x + 0.136 was obtained for the data, and its determination coefficient was R 2 = 0.990. According to the results of the on-site testing, the reason for the errors was that the position of the researcher disturbed the airflow field during the actual measurement. Anemometer also produced some measurement errors. At the same time, the simulation process used horizontal airflow to replace the unstable spiral airflow caused by the fan, which could also result in certain errors. The pervious related studies showed that that there are errors inherent to the implementation of the CFD model, errors related to inaccuracies in the geometry of the air ducts, inaccuracies related to the measurement of the air velocities, inaccuracies in the quantification of the air flow, and simplifications linked to the turbulent model [35] . Reference [4] found the average RMS errors of peak air velocities and airflow pressures were 1.68ms −1 and 0.89 kgm −2 , respectively, which corresponded to the average relative errors of 29.2% and 20.2%. Endalew et al. [37] found that the maximum RMS error was 1.68m s −1 and relative error was 11.04% for simulated peak air velocities around a fully branch-modeled pear tree.
E. VERIFICATION OF THE AIRFLOW VELOCITY FORMULA IN THE CENTRAL PLANE
In order to further verify the airflow velocity formula in the central plane, the experimental data, the calculated results from Formula (5), and the simulated results were compared at a fan speed of 1500 r min −1 . Fig. 13 demonstrates that the overall trend indicates that the calculation, simulated, and test results all displayed a similar trend: the air velocity gradually decreased from the center line to the air flow boundary in the same section for the given distance from the air supply, and the farther the measurement points from the outlet, the lower the wind speed. From the point of view of the numerical error, there were some errors between the calculated, simulated, and experimental values; and the errors were mostly lower than 20%. Therefore, the central plane airflow velocity formula was able to accurately reflect the distribution of the air flow field in the central plane of the multi-channel air-assisted orchard sprayer.
IV. CONCLUSIONS
(1) For different fan speeds (600, 900, 1200, 1500, and 1800 r min −1 ), the air flow field of the multi-channel air assisted sprayer was axisymmetric in the central plane, and the air velocity on the center line first increased and then attenuated exponentially. Within the range of the section 1.0 m from the outlet, a distinct air flow section was static due to the existence of low-pressure vortices between the adjacent outlets. Beyond this range, the four air streams mixed evenly, and the airflow velocity followed a Gaussian distribution at height y.
(2) The air flow field of the multi-channel air assisted sprayer exhibited an elliptical cross section at a distance from the outlet where x > 1.0 m. With the increase in the distance from the outlet, the distribution range of the velocity field became larger, and the multi-level elliptical distribution at the near end gradually developed into a small-level elliptical distribution at the far end of the model. The distribution of the elliptical airflow boundary could be obtained when the distance from the outlet was x > 1.0 m.
(3) Different distances from the air supply significantly influenced the fluctuation of the air flow. When the speed of the fan was 1500 r min −1 , the distance from the air supply should be in the range of 0.5-1.0 m, and the air flow coverage should be in the range of 0.7-2.1 m, which will meet the requirements of spindle fruit tree profiling. When the distance between the outlets was fixed, according to the dimensionless treatment of the velocity curves of each section, the speed of the fan did not significantly affect the position of the confluence point and the velocity fluctuation in each section.
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